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Seeding cells and scaffolds play pivotal roles in bone tissue engineering and regenerative medicine. Wharton’s jelly-derived 
mesenchymal stem cells (WJCs) from human umbilical cord represent attractive and promising seeding cells in tissue regener-
ation and engineering for treatment applications. This study was carried out to explore the biocompatibility of scaffolds to 
seeding cells in vitro. Rod-like nano-hydroxyapatite (RN-HA) and flake-like micro-hydroxyapatite (FM-HA) coatings were 
prepared on Mg-Zn-Ca alloy substrates using micro-arc oxidation and electrochemical deposition. WJCs were utilized to in-
vestigate the cellular biocompatibility of Mg-Zn-Ca alloys after different surface modifications by observing the cell adhesion, 
morphology, proliferation, and osteoblastic differentiation. The in vitro results indicated that the RN-HA coating group was 
more suitable for cell proliferation and cell osteoblastic differentiation than the FM-HA group, demonstrating better biocom-
patibility. Our results suggested that the RN-HA coating on Mg-Zn-Ca alloy substrates might be of great potential in bone tis-
sue engineering. 
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Seeding cells and scaffolds serving as matrices for tissue 
formation play pivotal roles in bone tissue engineering and 
regenerative medicine. Bone marrow stem cells (BMSCs) 
are the most common seeding cells in tissue engineering, 
although some disadvantages, such as derivation from inju-
ry and smaller cell numbers obtained from the elderly, limit 
their clinical application. In recent years, Wharton’s jel-
ly-derived mesenchymal stem cells from human umbilical 
cord (WJCs) have received increasing interest [1]. WJCs 
possess multipotent properties and can be successfully dif-
ferentiated into mature adipocytes, osteoblasts, chondro-
cytes, skeletal myocytes, cardiomyocytes, neurons, and en-
dothelial cells. In contrast to bone marrow MSCs, WJCs 
have greater expansion capability in vitro, and WJCs are 
immune suppressive in allogenic transplant [2]. WJCs rep-
resent an attractive and promising field in tissue regenera-
tion and engineering for treatment applications in a wide 
range of trauma and orthopedic conditions. Therefore, it is 
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necessary to study cell responses under in vitro conditions 
using WJCs at the interface. 
Recently, magnesium alloys have attracted extensive at-
tention as biodegradable metallic implants due to their bio-
degradability in the bioenvironment, and their excellent 
mechanical properties, such as high strength and an elastic 
modulus close to that of bone [35]. Bone mineral is mainly 
composed of hydroxyapatite (HA, Ca5(PO4)3OH), which is 
in the form of nanocrystals with dimensions of about 4 nm× 
50 nm×50 nm [6,7]. Thus, HA has excellent biocompatibil-
ity and bioactivity, and has been widely developed as a 
coating on metallic substrates for bio-application [8]. 
Therefore, fabricating a nano-sized HA coating on the mi-
cro-arc oxidation (MAO) coating may be a promising way 
to improve the biocompatibility and corrosion resistance of 
magnesium alloys [9,10]. Also, recent developments in bi-
omineralization have already demonstrated that nano-sized 
crystals and particles are considered to be important for the 
formation of hard tissues in animals [11]. The nano-sized 
HA can promote bone cell adhesion and osteoblastic prolif-
eration in comparison with micro-sized HA [1214]. How-
ever, there are still controversies about cytocompatability of 
nano-HA, given reports that nano-HA displayed evident 
cellular toxicity, and imposed restrictions on cell growth 
and differentiation [15,16].  
Until now, related results about the response of human 
WJCs to biodegradable HA have not been reported. In our 
study, WJCs were isolated and characterized, and rod-like 
nano-hydroxyapatite (RN-HA) and flake-like micro-   
hydroxyapatite (FM-HA) coatings were prepared on Mg- 
Zn-Ca alloy substrates using MAO and electrochemical 
deposition (ED). First, WJCs at passage three were seeded 
onto the sterilized composite scaffolds in the osteogenic 
culture medium. Then, we investigated the cytocompatibil-
ity of RN-HA coatings and FM-HA coatings with WJCs 
seeded on by different methods. The adhesion and prolifera-
tion of WJCs were evaluated using phase-contrast micros-
copy, scanning electron microscopy (SEM) and CCK-8 as-
say. Finally, the differentiation of WJCs into osteoblastic 
cell phenotype was examined by a series of assays including 
alizarin red staining, Von Kossa staining, osteopontin (OPN) 
immunohistochemical staining, alkaline phosphatase (ALP) 
test and RT-PCR. Thus, we analyzed the biocompatibility of 
nano-hydroxyapatite/Mg-Zn-Ca alloy composite scaffolds 
to human WJCs in vitro, which may provide an important 
reference for clinical applications. 
1  Materials and methods 
1.1  Surface modification and characterization 
Mg-Zn-Ca alloy was chosen as the substrate to fabricate 
composite HA coatings. The detailed procedure for prepara-
tion of the composite coatings was described in our previ-
ous work [9,17]. The surface morphology and elemental 
compositions of the coatings were investigated with a 
Quanta-200 SEM equipped with energy dispersion spec-
troscopy (EDS) capability. 
1.2  Cell culture 
In experiments approved by the Research Ethics Committee 
of Zhengzhou University, samples of human umbilical cord 
were obtained from the healthy donors under sterile condi-
tion. Detailed procedures were as previously described [10].  
1.3  Cell morphology 
WJCs at passage three were seeded onto each specimen at a 
seeding density of 1×104/ disk and divided into two groups: 
FM-HA group (with FM-HA coating) and RN-HA group 
(with RN-HA coating). Cell adhesion to the materials was 
observed by phase-contrast microscopy and SEM. Detailed 
procedures were as previously described [10]. 
1.4  Cell proliferation 
WJCs at passage three were seeded on groups A and B at a 
density of 5×103/disk. After 24 h, the proliferation of WJCs 
was determined by CCK-8 assay according to the manufac-
turer’s instructions. Subsequently, the optical density at 570 
nm was evaluated using a micro-plate spectrophotometer. 
The assays were performed daily, and five wells were ran-
domly taken into examination each time. 
1.5  ALP tests 
The WJCs at passage three were seeded onto two groups at 
a seeding density of 1×104/disk. On the second or third day, 
the culture medium was changed to induced medium, which 
was used to induce osteoblast differentiation with 50 mg L1 
ascorbic acid, 10 mol L1 dexamethasone and 10 mmol L1 
β-glycerophosphate. The induced medium was changed 
every three days. ALP activity was measured by biochemi-
cal assay using the diagnostic kit according to the manufac-
turer’s instructions, when WJCs were cultured for 7, 14,  
21 d on different scaffolds. In the meantime, total protein 
content was determined by the Coomassie brilliant blue 
method. The ALP activity values were finally normalized 
based on corresponding protein concentrations. 
1.6  Alizarin red staining and Von Kossa staining 
After 14 days of culture, the WJCs were washed three times 
with PBS, and fixed in 4% paraformaldehyde (PFA) for  
30 min. Fixed cells were incubated with 0.1% Alizarin 
red-Tris-HCl (pH 8.3) at 37°C for 30 min. In the end, the 
cells were also washed and coverslipped with glycogelatin. 
For Von Kossa staining, cells were fixed as for alizarin red 
staining, incubated with 2% AgNO3 for 1 h in ultraviolet 
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light, washed three times, then incubated with 5% hyposul-
fite solution for 5 min. Finally, the results were viewed with 
an optical microscope. 
1.7  Immunohistochemical staining 
Osteopontin (OPN) expression was examined by immuno-
histochemical methods. Briefly, the WJCs were washed 
three times with PBS and were fixed in 4% PFA for 15 min, 
washed twice with PBS and incubated with 0.3% Tri-
tonX-100 for 30 min, after which the cells were immersed 
in 0.3% H2O2/methanol solution for 10 min and immunob-
locked with 10% normal goat serum in PBS at room tem-
perature for 30 min. Next, cells were incubated overnight 
with monoclonal rat anti-human OPN antibody at 4°C, then 
incubated with biotin-marked goat anti-mouse IgG for    
30 min at 37°C and peroxide enzymeconjugated streptomy-
cin avidin for 15 min at 37°C. After diaminobenzidine 
(DAB) coloration for 5 min and hematoxylin-eosin (HE) 
staining, the cells were washed with PBS, coverslipped and 
viewed with an optical microscope. 
1.8  RT-PCR 
After cultured for 21 d, the WJCs were collected for RNA 
isolation and gene expression analysis. Total RNA was iso-
lated by using TRIzol (Invitrogen, USA) following manu-
facturer’s instructions. The primers of osteoblastic differen-
tiation-related genes were as follows: Runx2 forward 
5′-TCCTATGACCAGTCTTACCCCT-3′ and reverse 5′- 
GGCTCTTCTTACTGAGAGTGGAA-3′; OPN forward 5′- 
CTGAACGCGCCTTCTGATTG-3′ and reverse 5′-ACAT- 
CGGAATGCTCATTGCTCT-3′; OCN forward 5′-GGC- 
GCTACCTGTATCAATGGC-3′ and reverse 5′-TGCCTG- 
GAGAGGAGCAGAACT-3′. β-Actin was utilized as an 
internal control, and the primers were 5′-CTCCATC- 
CTGGCCTCGCTGT-3′ and 5′-GCTGTCACCTTCACCG- 
TTCC-3′.  
1.9  Statistical analysis 
Quantitative data were presented as means±standard devia-
tions (SD). Statistical analysis was assessed using SPSS 
(v17.0). A student’s t-test (assuming equal variances) was 
performed to determine the statistical significance between 
experimental groups. P<0.05 was considered to be signifi-
cantly different. 
2  Results 
2.1  Adhesion and proliferation of WJCs on different 
composite scaffolds 
The biocompatibilities in cell adhesion and proliferation of 
the different composite scaffolds were evaluated in vitro by 
observing the behavior of the three-passage WJCs by 
phase-contrast microscopy and CCK-8 assay. The WJCs 
had attached and migrated through the pores in two groups 
at 24 h, while the number of the cells increased more in 
RN-HA group after 48 h (Figure 1A–D). During 4-d cell 
culture, the cell number in RN-HA group increased gradu-
ally in the first three days and began to decrease in the 
fourth day, while the cell number in FM-HA group in-
creased after 2-d cell culture, and began to decrease in the 
third day. Meanwhile, the number of cells in RN-HA group 
was more than FM-HA group every day (Figure 1E). Our 
results demonstrated that the RN-HA coating enhanced the 
adhesion and proliferation of WJCs, which are in vitro 
noncytotoxic and biocompatible to cells. 
2.2  SEM and EDS analysis 
To directly examine the morphology of WJCs on different 
composite scaffolds, we evaluated the cells by SEM. The 
WJCs adhered to both of the coatings, but the cells in RN-  
 
 
Figure 1  The adhesion and proliferation of WJCs on different composite scaffolds (×40). AD, the adhesion of WJCs after different culture time in 
FM-HA and RN-HA group. E, Cell proliferation results according to absorbance values after 14 d incubation on the materials (mean±SD). *, P<0.05; #, 
P>0.05. 
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HA group were more adherent, the number of cells was also 
much larger compared with those in FM-HA group (Figure 
2A and B). To further examine the growth morphology of 
cells, we found that the cells in FM-HA group demonstrated 
a small rounded morphology with no pseudopodia, and a 
large number of cells had no sign of growth, basically at 
apoptosis. The cells in RN-HA group were spread well in a 
large region of polygonal morphology and attached to the 
coating with several fine pseudopodia. In addition, numer-
ous microvilli were grouped around the cells (Figure 2C and 
D). The WJCs in RN-HA group after cultured 48 h were 
also examined by SEM and found to be flat and well-spread 
on the surface (appeared black), with filopodia around the 
cells. Around the cells, numerous microvilli presented 
grouped on the top of the coating (the white cross in Figure 
2E). A cross-section was analyzed by EDS (Figure 2F), 
which revealed a large amount of Ca, P, O and Mg, Na el-
ements, suggesting that the microvilli were possibly calcium 
phosphate deposited during the cell culture process. These 
findings indicated that the RN-HA coating induced the 




Figure 2  The morphology of WJCs seeded on different scaffolds. A and C, FM-HA coating after 24 h. B and D, RN-HA coating after 24 h. E and F, the 
SEM images and EDS spectra of WJCs on RN-HA coating and cultivated for 48 h.  
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2.3  Biocompatibility in cell differentiation 
Alkaline phosphatase (ALP), calcium deposition and oste-
opontin (OPN) are the landmarks of mature osteoblast, 
which were examined by different methods to analyze the 
cell differentiation. At day 7 incubation of WJCs/scaffold 
constructs with osteogenic stimulation, low ALP activity 
was detected, indicating that few stem cells were differenti-
ated into osteoblast cells. With prolonged incubation period, 
the level of ALP activity increased substantially in all sam-
ples, with the ALP activity from RN-HA group continually 
higher than that from FM-HA group (Figure 3A). Also, posi- 
tive staining of alizarin red and Von Kossa, which were 
used to detect the calcium deposition, were observed (Fig-
ure 3B and C), indicating the osteogenic differentiation of 
WJCs into osteoblasts. Meanwhile, OPN was expressed 
after incubation of WJCs/ RN-HA coating constructs in 
osteogenic medium for 14 d (Figure 3D and E). These re-
sults demonstrated that RN-HA/Mg-Zn-Ca alloy had no 
detectable negative effects on WJCs osteogenic differentia-
tion, but enhanced WJCs osteoblastic differentiation to 
some degree. 
2.4  The expression of osteoblastic markers by RT-PCR 
analysis 
To detect cell differentiation at the molecular level, we an- 
alyzed the expression of osteoblastic differentiation markers 
such as OPN, OCN and Runx2 by RT-PCR. On day 21, 
OPN and OCN were expressed in both FM-HA group and 
RN-HA group, while Runx2 was expressed only in RN-HA 
group. Notably, WJCs exhibited pronounced signals of all 
the markers mentioned above while being cultured in 
RN-HA group for 21 d (Figure 4). 
3  Discussion 
Our work demonstrated that WJCs grew and spread better 
in RN-HA group, suggesting better cell viability. More fi-
lopodia occurred to facilitate the interactions between cells 
and substrates as well as among cells themselves, and more 
confluences and connections among cells occurred in 
RN-HA group. CCK-8 assay indicated that the proliferation 
proceeded more significantly in RN-HA group after three 
days of incubation. These results suggested that in RN-HA 
coating enhanced the attachment and proliferation of WJCs, 
which are in vitro noncytotoxic and biocompatible with 
cells. This may be attributed to attributes of RN-HA coat-
ings as compared to FM-HA coatings, such as the surface 
structure [18]. The higher crystallinity and density of the 
RN-HA coating could improve cell attachment and growth 
as seen with the SEM and phase-contrast microscopy. The 
compactness and crystallinity of the FM-HA coating were   
 
 
Figure 3  Cell differentiation. A, ALP levels quantified of WJCs cultured in FM-HA group and RN-HA group (mean±SD). B, Alizarin red staining of the 
cells at third generation cultured with ossification additive for 14 d (×100). C, Von Kossa staining with ossification additive for 14 d (×40). D and E, OPN 
expression after WJCs cultured with scaffold for 14 d (×40, D: Negative; E: Positive). *, P< 0.05. 
 
Figure 4  RT-PCR analysis of the expression of osteoblastic markers. M: marker; 1: the cell group; 2: FM-HA group; 3: RN-HA group.  
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lower, therefore a cell could only come into contact with the 
top of a few flake-like grains of hydroxyapatite, leaving 
most of the cell wall hanging in air. Okada et al. pointed out 
that the formation of focal adhesion requires a flat domain 
size larger than 100 nm in width [19]. Massive cell apopto-
sis found on the FM-HA coating may be attributed to the 
coating barely meeting this requirement. In addition, lower 
compactness could result in the medium seeping deep into 
the coating, so that dissolution of magnesium ions and rapid 
increase in medium pH occurred [20,21]. During the ex-
periment, the pH value in the cell culture medium of the 
FM-HA coating increased rapidly during cell growth, re-
sulting in poor growth conditions. However, the RN-HA 
coating whose grains were arranged in regular and con-
sistent orientation had a dense compactness providing suffi-
cient contact area for cell adhesion, growth and better coat-
ing corrosion resistance. Futhermore, there were numerous 
microvilli present on top of the RN-HA coating, but not on 
the FM-HA coating. This observation combined with ener-
gy spectrum analysis, suggests that the microvilli were pos-
sibly calcium phosphate deposited during the cell culture 
process, indicating that the RN-HA coating induced the 
deposition of calcium phosphate, resulting in better bio-
compatibility. 
At the protein level, the differentiation of WJCs into os-
teoblastic phenotype were analyzed by ALP activity and 
OPN immunohistochemical staining, which were important 
factors in qualitatively determining bone differentiation and 
mineralization [2224]. The results of ALP activity indi-
cated that RN-HA coating supported osteoblastic differenti-
ation of WJCs to a higher degree. As staining results re-
vealed, WJCs in direct contact with RN-HA /Mg-Zn-Ca 
scaffold exhibited positive expression for OPN. The deposi-
tion of calcium-containing mineral after WJCs’ osteoblastic 
differentiation was observed using alizarin red staining and 
von Kossa staining. All the results above demonstrated that 
the RN-HA coating material had less negative influence on 
WJCs’ osteoblastic differentiation, and somewhat enhanced 
WJCs’ osteoblastic differentiation. Compared to FM-HA, 
RN-HA was proved to enhance the osteoblastic differentia-
tion of WJCs, the synthesis of intracellular proteins, the 
alkaline phosphatase activity and the deposition of calci-
um-containing mineral, thus enhancing the bonding of or-
thopedic/dental implants to juxtaposed bone and improving 
the overall implant efficacy [25, 26].  
Finally, at the molecular level, OPN, OCN and Runx2 
were demonstrated to be expressed during the later extra-
cellular-matrix mineralization [27–33]. RT-PCR revealed 
that the expression of OPN and OCN had no clear differ-
ence between the two groups. The significantly higher level 
of Runx2 expressions occurred in RN-HA group, while 
none occurred in FM-HA group. Considering the Runx2 
protein, which was thought to be an essential bone matura-
tion factor [34], the RN-HA coating enhanced the WJCs 
expression after 21 days of osteogenic culture. This re-
vealed that the RN-HA coatings were able to facilitate the 
expression of bone-related transcription factors such as 
Runx2 to drive MSCs’ differentiation along the osteoblastic 
pathway. Generally, the in vitro results indicated that the 
RN-HA group was more suitable for cell proliferation and 
cell osteoblastic differentiation than the FM-HA group, 
which was more important for in vivo implantation. 
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